Introduction
The violation of CP symmetry is well established in the neutral kaon system and can be accommodated within the standard model [ 1, 2 ] . CPT invariance, however, is usually assumed [ 3, 4 ] and implies a violation of T invariance which is consistent with existing data [ 5, 6 ] . A consequence of CPT symmetry is that the mass and the lifetime of a particle and its antiparticle are equal. The neutral-kaon system provides a sensitive test of CPTdue to the small mass difference between the short-and long-lived K ° states [7] , mc--ms=(3.522-+0.016)× 10 -~5 GeV, which gives a reference against which the K°-K ° mass difference can be measured.
The interference of CP-violating K°--,2rc decays with CP-conserving K°--,2~ decays provides a unique tool for the study of CP-and CPT-violating effects in the neutral-kaon system. It is convenient to define the CP eigenstates 1 (KO+Ko) withCP=+l The physical particles are the mass eigenstates and can be written as Ks~Kl+(e+6) K2 and Kc~K2+(e-g)Kl,
where t is a measure of the CP violation induced by kaon-state mixing, and g allows CP violation with CPT non-conservation [ 5, 6, 8 ] . With the convention lmAo=0 [9] , the phase of~ is given by unitarity [ 10] to be ~, ~ tan-t2 mL--ms =43.7-'-+0.2 ° .
Violation of CP may also occur in the decay of the K2--,nrc with a relative amplitude of(', e'= ~lm exp[i(62-go)] ,
where Ao and A2 are the amplitudes for the decay into isospin 0 and 2 two-pion states. Evidence for direct CP violation has recently been reported by this collaboration [ 1 1 ] . Assuming CPTinvariancc, the phase of(' is determined by the difference in the s-wave nn scattering phase shifts, 60 and g2, for the isospin 0 and 2 states, respectively. A compendium of the measured phase shifts gives ~,. in the range 45° + 15 ° [121.
The CP-violation parameters t/+_ and r/oo are defined as the respective ratios of the CP-violating and CP-allowed amplitudes for the KI_ and Ks decays into two charged and two neutral pions. The relevant experimental quantities are the magnitudes and phases of q+_ and qoo:
<n+n-ITlK~.> = Iq+-I cxp(i0÷_), q÷-= <n+Tt-i TIKs > < n°n°l TI KI. > = Pr/oo I cxp(i~oo) .
The amplitude ratios have contributions from CP violation in the kaon-state mixing (+) and from direct CP violation in the K,--+27t decay (~'), and can be written to a good approximation as
The status of the CP-violation parameters from previous experimental results is given in table 1. The magnitude of r/+_ is obtained from direct measurements of the amplitude ratio using the time-dependent rate of interfering Ks--,Tt+x -and KL--*/t+X -decays, and from measurements of branching ratios of Kc--,Tt+n -tO three-body decay modes. The value of I~loo/q.. I is taken from the most precise measurements, and the phases ¢~+ _ and 0oo are evaluated from published data using the current average value of the The magnitude of t' /t = ( 3.3 + 1.0 ) × I 0-3 and the phases oft and t' suggest that the magnitudes and the phases of r/+ _ and %0 are close to those oft. In fact, one would expect the phase difference ¢~oo-¢+-to be less than 0.2° if CPT is conserved. Experimentally, both r/+_ and %o have magnitudes approximately equal to the magnitude oft, and the phase ~+ _ is in reasonable agreement with ¢~. However, a measurement of Ooo by Christenson et al. shows a 2 standard deviation discrepancy [ 19 ] . A direct comparison with 0+-in the same experiment gives ¢~oo-¢+-= 12.6 ° -+6.2 °. Given that ¢+ _ ~¢~, such a large phase difference, if confirmed, would imply CPT violation in both the kaon-state mixing and the decay.
Consequently, a dedicated experiment to measure the phases 0+-and ¢~x~ has been performed at the CERN Super Proton Synchrotron (SPS). The phases of the ('P-violation parameters ~1+ -and %0 were determined from the time dependence of the rate of kaon decays into two pions:
12~(t)=S(p){exp(-~)+ lrll2 exp(-@)
where t is the time in the kaon rest system after incoherent K ° and K ° production by strong interac- The type of beam and target arrangement was chosen such as to obtain the maximum acceptance in the interference region, at about 12 Ks lifetimes. Two target stations were employed: one near to the detector ( K .... ) and one far from the detector (Ktar). For this arrangement, the acceptance correction is negligible if the phases are determined from the ratio of lifetime distributions for the two target positions. At the average kaon momentum of about 100 GeV/c, at which one Ks lifetime corresponds to 5 m, the distance between the two targets, 14.4 m, corresponds to a phase shift of about 75 °.
Experimental set-up and data-taking
The detector was the same as that used in the t'/t measurement [11, 22] , but the beam layout was modified substantially to provide KL and Ks with maximum sensitivity to the interference region. Kaons of mean momentum around 100 GeV/c are produced from a 450 GeV/c proton beam focused to intercept either of the two targets at a downward inclination of 3. The apparatus is shown in fig. I and a full description is given in ref. [22] . Kaons that decay along 50 m in an evacuated tank are detected further downstream at about 120 m from the final collimator. Decays into charged and neutral pions are detected concurrently. The principal features of the charged and neutral pion detection can be summarized as follows:
Charged pion decays:K°-~rc+~ -. -two wire chambers, with +0.5 mm resolution in each projection, spaced 25 m apart in a helium enclosure, measure the direction and lateral position of charged pions; -A hodoscope of scintillation counters triggers on x+n -decays by a coincidence of hits in opposite quadrants; -an iron/scintillator sandwich calorimeter, in conjunction with the liquid-argon calorimeter, measures the energy of charged pions with +_ 65%/x/~ (GeV) resolution; -two planes of scintillators, after a total of 3 m of iron equivalent, reject Ke~nlav decays.
Neutral pion decays: K °--* 2x ° ~ 4T, -a liquid-argon/lead sandwich calorimeter with strip The trigger for two-body K ° decays is applied in three stages. A pretrigger signal is generated by the combination of a coincidence in either of the two scintillation counter hodoscopes and by the absence of a veto in any of the anticounters. The trigger is accepted if further conditions regarding the calorimeter energies, the number of wire chamber hits, and the number of clusters in the liquid-argon calorimeter are satisfied. The final on-line data reduction is achieved by two computer processors. These decrease the number of events accepted, whose calculated lifetimes from the production target are less than 7 Ks lifetimes, and thus increase the proportion of events accepted in the interference region. The down-scaling factors were chosen to give about the same number of events per Ks lifetime.
Data were taken over a period of approximately 70 days during 1987. Typically, every eight hours, the beam was interchanged between the two target stations. For the purpose of the energy scale calibration, pure Ks data from a mobile target were also taken at the centre and at the most upstream end of the decay region after each data-taking cycle. A total of 144 × l0 6 triggers were written to tape at a rate of ~ 1000 events per burst.
Charged reconstruction and background
The K°-,Tt+n -decays are reconstructed from the measured space points in the wire chambers and the track energies in the calorimeters. The longitudinal vertex position is calculated from the extrapolation of the tracks in the wire chambers and has a resolution better than 1 m. The kaon energy is calculated with typically 1% precision from the kaon mass, the opening angle between the two tracks, and the ratio of the track energies:
where R is the ratio of the two pion energies measured in the calorimeter. A cut on R<2.5 excludes contamination from A--,pn decays. The energy scale is determined entirely from the wire chamber geometry and is independent of the energy scale of the calorimeter, provided that any non-linearities are small. A cut on the closest distance of approach of the two tracks at the approximate vertex position, an invariant-mass cut around the kaon mass, and a centre-ofgravity cut guarantee a selection of good events. Three-body KL decays contribute to the charged background. Events with identified isolated photons, such as KL-*n+n-n °, are easily rejected. Most KL~nev decays are identified and rejected by comparing, for each track, the energy deposited in the front half of the electromagnetic calorimeter with the total energy. The KL-,nlav decays are rejected by the muon vetos. The residual background is subtracted from the shape of the dt distribution. The distance d, is the perpendicular distance from the target to the decay plane, and its shape is determined from a sample of Kt ,nev decays. The d, distributions for K .... and Kfa, are shown in fig. 2 . The background is extrapolated from the region 6 <d,< 10 cm and subtracted in the signal region. Background events constitute 0.01% for K .... and 0.05% for Kfa r of the total data samples. The total charged-background subtraction has the effect of reducing 0+ -by 0.2 °.
Neutral reconstruction and background
The K°-,2rt°-,4) ' decays are reconstructed from the measured energy and positions of the four photons in the liquid-argon calorimeter. The kaon mass is used as a constraint in the computation of the distance of the decay vertex, z, from the position of the calorimeter, Zeal: z=zca.-m---K .
[ (x,-xj)z+ (y, _y,)2] . are measured typically with 1% accuracy. Events are accepted if the energy of each photon is greater than 5 GcV and there is at least 5 cm separation bctween the shower centres. The centre of gravity of the energies of all photons must lie within the beam region. The background to 2n ° decays is predominantly due to KL--, 37t ° decays where two of the photons have ascaped detection. Since the reconstructed decay vertex of these background events appears shifted towards the calorimeter, 80% of this background is removed by requiring that the decay vertex is within 50 m from the beginning of the decay region. The background is uniformly distributed in a two-dimensional scatter plot of the two-photon invariant masses. The n ° mass resolution is typically 2 MeV. Signal and background events are counted in ellipses of equal area around the 27t ° peak [11, 23] . Events are selected in the central ellipse, and the background is subtracted by a fiat extrapolation into the signal region from the outer ellipses (see fig. 3a ). The amount of background subtracted, 0.06% for K .... and 0.26% for Kf~,, is different because of the relative number of Kt. and Ks decays in each beam. The percentage background subtracted as a function of the position of the decay vertex is shown in fig. 3b . The total effect of the neutral background subtraction on the result is to reduce ~t~; by 0.6 ~.
The kaon energy and its longitudinal vertex position
A change in the energy scale of the calorimeter has the effect of also shifting the vertex position of the decay, thus changing the calculated lifetime from the target. An uncertainty of 10-3 in the energy scale is equivalent to an error of 1 ° on the phase. The absolute energy scale is determined from a fit of the vertex distribution to the known position of the anticounter in the Ks beam with the technique described in ref. [ I 1 ]. An accuracy of 10 -3 in the energy scale is equivalent to a 10 cm position uncertainty at the centre of the decay volume. A comparison of the offset in the reconstructed Ks anticounter position as a function ofkaon momentum for charged and neutral decays is shown in fig. 4 .
Analysis and results
The number of events after all cuts and in the ranges 1.2 <z<49.2 m and 70<EK< 170 GeV, are given in table 2. The 2.1 × 106K°--,2n ° events correspond to 3000 KL--,2n ° events per Ks lifetime in the interference region. Qualitative evidence for the interference between the Ks and Kt. decay amplitudes is demonstrated in fig. 5 , which shows the rate of decay ofkaons Table 2 Event statistics. The numbers in brackets include the lifetime down-scaling factors.
K°--,n°rt°( X 106 ) K°--' Jt + n -( X 106 ) K .... scaling the different momentum bins to 100 GeV.
The various systematic uncertainties in the absolute phases and their difference are listed in table 3 and arise from possible errors in -the energy scale due to statistical and systematic uncertainties in the Ks anticounter fits, the anticounter efficiency and residual non-linearities; -the charged and neutral background subtraction procedure: -additional K ° production from neutron interactions and regeneration in the collimators and reinteraction in the targets; -the geometrical acceptance and resolution corrections;
the position of the Knear and Kra r targets along the beam-line. Of these, the dominant uncertainty is due to the energy scale.
In addition, there is a dependence of the absolute phases on the assumed values for the Ks lifetime and Am. The sensitivity of the absolute phases to these parameters is obtained by shifting their central values and refitting. Explicitly, a change in Am and rs affects 0+ -and 00o according to The phase 0+ -is in good agreement with previous measurements; 0oo and 0oo-0+-substantially improve the precision previously achieved. Since the phase difference 0e~-0+-is consistent with zero, there is no evidence for simultaneous CPT violation in the kaon-state mixing and in the decay. Limits on possible CPT violation in the K ° mass matrix can be estimated from the magnitude ofthc parameter ?5. In the phenomenology ofkaon decay, the component of d perpcndicular to the direction of~ can be related to the phases of the CP-violation parameters as follows: Thus, using the value of 6~. extracted above and mL-ms=(3.522+0.016)×10 -~s GeV, the 95% confidence limit for CPT conservation obtained in this experiment is ImK~--mK o [10] [11] [12] [13] [14] [15] [16] [17] [18] If the values of the phases obtained in this experiment are combined with previous measurements of
0+ -
(see table 1 ), the above limit becomes 4X 10-~8. This limit is now dominated by the absolute phase 0+ -, which is 1.6 standard deviations from the phase of ~ and the uncertainty in the mass difference between the short-and long-lived K ° states.
where the first error is statistical and the second is the quadratic sum of all the systematic uncertainties listed
